Nodulated soybean (Glycine max L. Merr. cv White Eye inoculated with BradyrhizobiumJaponicum strain CB 1809) plants were cultured in the absence of combined N from 8 to 28 days with their root systems maintained continuously in 1, 2. 5, 5, 10, 20, 40, 60, or 80% 02 (volume/volume) in N2. Plant dry matter yield was unaffected by partial pressure of oxygen (PO2) and N2 fixation showed a broad plateau of maximum activity from 2.5 to 40 or 60% 02. Slight inhibition of nitrogenase activity occurred at 1% 02 and as much as 50% inhibition occurred at 80% 02. Low PO2 (less than 10%) decreased nodule mass on plants, but this was compensated for by those nodules having higher specific nitrogenase activities. Synthesis and export of ureides in xylem was maintained at a high level (70-95% of total soluble N in exudate) over the range of PO2 used. Measurements of nitrogenase (EC 1.7.99.2) activity by acetylene reduction indicated that adaptation of nodules to low P02 was largely due to changes in ventilation characteristics and involved increased permeability to gases in those grown in subambient PO2 and decreased permeability in those from plants cultured with their roots in P02 greater than ambient. A range of structural alterations in nodules resulting from low PO2 were identified. These included increased frequency of lenticels, decreased nodule size, increased volume of cortex relative to the infected central tissue of the nodule, as well as changes in the size and frequency of extracellular voids in all tissues. In nodules grown in air, the inner cortex differentiated a layer of four or five cells which formed a band, 40 to 50 micrometers thick, lacking extracellular voids. This was reduced in nodules grown in low P02 comprising one or two cell layers and being 10 to 20 micrometers thick in those from 1% 02. Long-term adaptation to different external PO2 involved changes which modify diffusive resistance and are additional to adjustments in the variable diffusion barrier.
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Recent studies of nodule functioning, especially in soybean, have demonstrated a close relationship between nitrogenase activity and endogenous 02 concentration (1, 7, 8, 10, 12, 13, 19, 31, 32) . The level of 02 appears to be regulated at or close to the optimum for nitrogenase by the operation of a variable barrier to gaseous diffusion (13, 22, 31, 33) . Measurements of 02 concentration in nodules (27, 33) together with microscopic evidence (9) change (14, 23, 26) indicate that the barrier is located outside the infected central tissue zone, in the cortex of the nodule. Changes in the size or occlusion of extracellular spaces within this region have been suggested to provide the variable component (11, 14, 23, 24) .
Using techniques for continuous measurement of nodule gas exchange and direct in vivo spectroscopic estimates for leghemoglobin oxygenation (17) , Hunt et al. (15) have provided evidence indicating that there is an O2-based limitation to nitrogenase activity in soybean under normal ambient conditions. While short-term exposure to supra-ambient PO23 may indeed overcome this limitation, longer term enrichment of field-grown plants with 02 up to 0.035 MPa yielded no significant increase in growth after 7 weeks exposure (25) . Subambient P02 (0.012 MPa) was also without effect in these trials, suggesting that nodules adapted to changes in external PO2 by altering gaseous permeability (25) .
In addition to a variable barrier, nodules from cowpea plants cultured with their root systems maintained in sub-or supra-ambient PO2 for extended periods showed evidence of structural changes (9) which resulted in more permanent adaptation of gaseous permeability (8) . These adjustments involved subtle changes in the frequency and differentiation of cells in the cortex, especially of the inner cortex (9) . There was also an alteration in the volume of nodules and development of lenticels as well as in the distribution of infected and uninfected cells in the central tissue zone (9) . However, longterm culture, with either the whole root system, or just the modulated crown root zone of the plant in nonambient PO2, did not increase plant growth or N2 fixation relative to that in air (7) .
Because of the considerable amount of recent research into diffusional adjustment of nodules on soybean, it was of interest to examine the longer term adaptation of the species to a wide range (1-80% 02) of nonambient rhizosphere PO2. Fur- thermore, a number of functional models have been developed for N2-fixing nodules, based on studies of soybean. These rely upon certain assumed relationships between tissue types, cell types, and the distribution of extracellular voids (11, 14, 18, 23, 24, 26) . This study examines these structural features in relation to PO2 in an attempt to provide quantitative information which will allow such models to be further refined.
MATERIALS AND METHODS

Plant Material
Soybean (Glycine max L. Merr. cv White Eye) seeds were inoculated with a commercially prepared peat suspension of Bradyrhizobium japonicum strain CB 1809 and germinated in sand culture. Eight-day-old seedlings were transferred to liquid culture containers (3.5 L) and grown with their nodulated root systems in a nutrient solution free of combined N and with a range of continuously flowing atmospheres containing from 1 to 80% (v/v) 02 in N2. Techniques for culture and the provision of gas mixtures have been described previously (7 (30) . Numerical density of infected and uninfected cells was estimated as described by Dakora and Atkins (9) . The shape and size coefficients required for these estimates were determined by direct measurement of length and width (diameter) of cells and extrapolated from standard curves (9) . Cell shapes were determined to be ellipsoidal (6) and volumes estimated with the equation for ellipsoids (30 Dry matter yield of soybean was unaffected by the O2 level around the root system either at 20 or 28 DAP (Fig. 1A) . By comparison, N2 fixation showed a broad maximum from 2.5 to 40% or, in the case of those at 20 DAP, to 60% 02 ( Fig.  1 B) . There was significant inhibition of fixation at 1 and 80% 02. Rates of fixation (on a per plant basis) with different PO2 reflected nodule mass ( Fig. 2A) , except at levels of 02 below 10%, where the dry matter of nodules on the plant was markedly lowered. However, the specific activity of nodules from plants cultured in low 02 was generally greater than those in 10% 02 or above (Fig. 2B) , with the consequence that relatively high levels of fixation were achieved in subambient PO2, even at 1%. The fall in fixed N which occurred under culture conditions of 80% 02 around the roots (Fig.  1B ) was associated with a slightly lower mass ( Fig. 2A ) and specific activity of nodules ( Fig. 2B ) at both sampling times.
Rhizosphere PO2 had only a small effect on the level of exported solutes of N in xylem ( (Fig. 3B) . At supra-ambient P02, amides declined, becoming less than 2% of xylem N at 80% 02.
Nitrogenase Activity
Rates of acetylene reduction showed a broad maximum from around 5 to 60% 02 (Table I) , with significant inhibition only at the extremes of sub-or supra-ambient P02 (Table I) . Transferring such plants to air for 10 min resulted in a decline in activity in all cases except in those from 20% 02. Inhibition increased progressively with the relative difference in PO2 which was imposed and was as much as 95% in those transferred from 1% 02 to air (Table I) .
Air-grown plants transferred to rooting atmospheres containing from 1 to 80% 02 showed a range of response to P02 (Table II) . Except for those placed in 1% 02, plants transferred to subambient PO2 were unaffected relative to plants maintained in air for the same 6-d period. In 1% 02 activity was initially inhibited but then increased progressively and at 6 d was not significantly different from that of plants maintained in 20% 02. In contrast, plants transferred to supra-ambient 02 were inhibited at 24 h and remained so for the 6-d period. Inhibition was greatest in those placed in 80% 0°and least in those transferred to 40% 02 (Table II) . Changing the rooting atmosphere back to air at the end of the 6-d period resulted in significant and rapid inhibition of acetylene reduction, except for those maintained in 20% 02 (Table II) .
Morphometnc and Structural Analysis
Nodules from plants cultured in subambient P02 showed significant morphological changes compared to those grown At the end of 6 d, the rooting atmosphere was changed back to one of air in all cases and nitrogenase activity in air assayed after 10 min. with ambient P02. With decreasing O2, they were progressively smaller (except at 5% 02), showed a proportionately greater development of cortex, and, as a consequence, a decline in the relative size of the central, bacteria-infected tissue, and a marked increase in lenticel development (Table  III) . The differentiation of tissue types within the cortical region (designated as in Fig. 4) was also affected by PO2 (Table  IV) . This was most marked for the innermost layers of cells which were considerably enlarged, increasing by about twofold the proportion as inner cortex at 1 and 2.5% 02 (Table  IV) . Furthermore, the shape of the cells was altered from being elongated with short radial walls in 20% 02 (Fig. 4A) to being more rounded in nodules at subambient PO2 (Fig.  4B) . In addition to changes in cell shape, the size and distribution of extracellular voids or spaces in the cortex were also altered by growth in low P02. This was reflected in an increase from around 5 to more than 13% in the outer and middle tissue zones and from around 4 to more than 6% ofthe tissue in the inner cortex (Table IV) as P02 was lowered. The increase in voids in the outer cortex was associated with greater lenticel formation and, in the inner cortex, with increased frequency of spaces around the cells closer to the infected tissue (Fig. 4, A and B) .
In nodules from plants cultured in air, there were clearly resolved voids between two or at most three of the innermost cell layers of the cortex (Fig. 4A) . However, these voids extended to as many as five cell layers in the inner cortex of nodules grown in 1% 02 (Fig. 4B) . While the enlarged cells of the tissue closer to the sclerenchyma layer also formed large, easily resolved voids, those closer to the inner layers (e.g. 3-6 in Fig. 4A and 5-6 in Fig. 4B ) appeared to form none. Thus, in the case of air-grown nodules, there was a continuous layer lacking obvious extracellular spaces which was three to four cells thick (40-50 am, Fig. 4A ), while in those grown in 1% 02 it was only one or two cells thick (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ,m, Fig. 4B Figure 4 and including lenticels. The distribution of cell types in the central, bacteria-infected tissue of the nodule also showed evidence of a response to lowered PO2 (Table V) . The number of infected cells was significantly lower in subambient O2, while that of uninfected cells was unchanged. Both cell types were larger in 2.5 and 5% 02 compared to those in 1 and 20%, and, as a consequence, the differences in density noted for the infected cells had little effect on the proportion of total tissue they occupied. A significant increase in the relative volume of extracellular void in the infected tissue region was also recorded with decreasing PO2 (Table V) .
DISCUSSION
Symbiotic soybean was able to grow and maintain high rates of N2 fixation despite the modulated roots being continuously exposed to subambient P02 as low as 1% or supraambient levels up to 80% 02. Although low PO2 reduced the mass of nodules, these showed considerably higher average specific nitrogenase activity, in part counterbalancing the deficiency of fixing tissue. As a consequence, fixation was inhibited only slightly at 1 or 2.5% 02 compared to air and at most by about 50% in 80% 02. Furthermore, the synthesis of ureides as the major solute of N exported from nodules was maintained. Ureide synthesis requires O2 for the oxidation of uric acid to form allantoin. The enzyme involved, uricase, has an extremely poor affinity for O2 (21) , and its continued functioning in extreme PO2 is consistent with altered permeability of nodules. Thus, like those of cowpea (7, 8) , nodules of soybean apparently adapted to an over-or under-supply of 02 in the external atmosphere so that nitrogenase activity was maximized. The inhibitory effect of transferring plants from nonambient p02 to air or vice versa provided clear evidence that adjustments of gaseous conductivity by nodules were central to their successful adaptation, both to low and high 02. In low PO2, nodules formed which were more permeable to gases, while those from supra-ambient PO2 were considerably less permeable than those grown in air.
Lenticel development and formation of air spaces in the outer cortex was enhanced in low 02. However, the inner cortex also showed changes in the pattern of cell development which might be expected to enhance gaseous diffusion. The cells in this zone are usually quite small compared to those in the outer or midcortex (4, 5, 9) . As was the case with cowpea, the inner cortex in soybean was less "sheath-like" in appearance at low P02, and, although the thickness of the layer was increased, this part of the tissue showed large and more 21.8 ± 3.0 37.0 ± 5.6 (62.9) 7.5 ± 0.5 4.2 ± 0.3 90.0 8.5 1.5 ± 0.2 a Infected and uninfected cell numbers were measured as described by Dakora and Atkins (9) . Mean ± SE (n = 10-15 nodules for each P02)-b Cell volume estimated using volume equation for ellipsoids, i.e. V, =4 7rXR3/3, where X (length/width of cell) and R (cell radius) were both determined experimentally as described by Dakora (6) . Mean ± SE (n = 289-375 cells from 8-10 nodules). ) and expressed as a proportion of the infected tissue minus extracellular voids.
e Measurements made with test grid on four to six photomicrographs from each of two to three medial sections of a nodule. Mean ± SE (n = 10-15 nodules). Fig. 4A ) corresponds closely to the 45 gm "liquid shell," which was estimated, from theoretical considerations, by Sinclair and Goudriaan (24) to provide sufficient gaseous diffusion resistance to accommodate nitrogenase functioning. Furthermore, the narrowing of this band to 10 to 20 ,um in nodules from plants grown with low PO2 is consistent with their increased permeability to gases. Recent detailed electron micrographs of the inner cortical region of soybean nodules confirm the distribution of extracellular spaces in this zone (20) . As was the case here, cells in layers 4 or 5 formed clearly defined voids or, if present, were occluded with electron dense material (20) . However, as indicated by Woolley (34) , considerable difficulties exist in determining the extent to which such intercellular spaces are gas-filled. Therefore, it seems likely that techniques other than those involving microscopic examination of fixed material will be needed to make such determinations.
Adaptation to low 02 in soybean was not restricted to changes in the cortex. The relative volume of N2-fixing tissue was reduced, and the number of infected (nitrogenase-containing) cells decreased relative to that of uninfected cells. Infected cells were roughly 10 times the volume of the uninfected cells, and there was some evidence that at lower PO2 these infected cells were even larger than those in nodules from air. The contact of both cell types with the extracellular void space of the tissue would be significantly increased at low PO2, as, under these conditions, the volume of extracellular voids was more than doubled. Assuming that predictions from models (14, 26) for O2 diffusion in soybean nodules are valid, and that the diffusive resistance is largely due to the small spaces in the inner cortex, then the size of voids in the central, infected tissue is not likely to be a limiting factor to 02 supply to bacteroids. However, their enlargement under severely limiting external PO2 (1%) suggests that enhanced ventilation of this tissue may indeed have contributed to the overall adaptation. Similar findings were made for the infected zone ofcowpea nodules (9) . The uninfected cells ofthe central tissue of both cowpea and soybean nodules are the principal sites of uricase activity (16, 29) . Their increased size and frequency at low PO2 (Table V) might therefore be expected to enhance ureide synthesis by soybean. As shown in Figure  3 , under conditions of 02 limitation, the proportion of xylemborne N as ureides was maintained in plants at all O2 treatments including those in 1% 02. In this respect, the soybean symbiosis was similar to that ofcowpea (3) where, in low PO2, the level of uricase in nodules actually increased.
The adaptation to low PO2 by soybean nodules clearly involved alteration of the ventilation characteristics of the organ through subtle changes in the surface/volume relationships between tissues, cells, and extracellular voids. The ratio of surface area of inner cortex to the volume of infected tissue or volume of an infected cell was calculated to be more than three times greater at 1% 02 compared with 20% 02 (Table  VI) . Thus, the relationship between demand for O2 on an infected cell basis relative to its supply (equated with the (Table IV) , the relationship of this measure of potential air space to the number and volume of infected cells indicated a three-to fourfold increase in 1% 02 (Table VII) . Again these data show that, in addition to changes in the inner cortex which were likely to decrease diffusive resistance to gas movement, in nodules adapted to low PO2 the supply/ demand relationship for 02 was also altered. Similar estimates of the quantitative relationship between the extracellular void volume within the central, infected tissue and the number and volume of infected cells indicated a twofold increase in the potential gas space available to these cells (Table VII) . Consistent with the premise that the principal site of diffusive resistance is in the inner cortex, these estimates show that, at all PO2 studied, the volume of inner cortical void per unit infected cell or its volume was always less than that for the voids in the central tissue zone (Table VII) .
While the subtle changes in structural relationships detailed above can only infer alterations in the supply/demand relationship for 02, expressing nitrogenase activity on a cell basis indicated that these changes resulted in enhanced infected cell functioning (Table VIII) . Thus, despite inhibition of overall nodule functioning at low PO2, the specific activity of fixing cells was not reduced.
The data presented in this paper together with those from an earlier study with cowpea (7) provide no evidence for increased nitrogenase activity at PO2 above that in ambient air, indicating that longer term adaptation of nodules to these 02 levels involves changes which modify diffusive resistance and are additional to adjustments in the variable diffusion barrier. This does not necessarily preclude the possibility that altering internal 02 concentration from a suboptimal level for nitrogenase (as is the case in ambient air, ref. 15 ) to a higher level will not enhance N2 fixation in the longer term; it suggests, rather, that means other than increasing external gas phase PO2 will be required.
In conclusion, the significance of this study (unlike that for cowpea [9] ) lies in the fact that it has provided quantitative estimates of the extracellular gas space within the inner cortex region, the putative site of 02 regulation in nodules. Furthermore, our findings with soybean have established a functional relationship between N2-fixing units in nodules and the overall size of gas space within the inner cortex and bacteroid tissue. This is the first time that the biological activity of fixing units, measured in terms of numbers, has been related to potentially available extracellular gas space inside nodule tissues considered critical for the control of 02 diffusion in the organ. Thus, our data from morphometric analysis of nodules of soybean constitute a useful basis for reevaluating and/or further examining mathematical models on 02 diffusion in legume nodules, since most of such models have been based on the anatomy of the soybean nodule system.
